Purpose-Cancer immunotherapy with adoptive transfer of tumor infiltrating lymphocytes (TILs) represents an effective treatment for patients with metastatic melanoma, with the objective regressions in up to 72% of patients in three clinical trials. However, the antigen targets recognized by these effective TILs remain largely unclear.
Introduction
Adoptive cell therapy for patients with metastatic melanoma involves the infusion of autologous, in vitro expanded, tumor infiltrating lymphocytes (TILs) plus IL-2 into patients who have received a lymphodepleting preparative regimen (1, 2) . In three sequential pilot clinical trials, adoptive TIL transfer mediated the objective regressions of metastatic melanoma in up to 72% of patients, including 36% with complete durable responses ongoing beyond five years (3) . In spite of the strong anti-tumor activities of TILs ex vivo, not all of the patients receiving adoptive TIL transfer experienced durable regressions. One potential explanation for these observations is that many of the TILs used for treatment may predominantly recognize gene products that are dispensable for maintaining the tumorigenic phenotype and therefore subject to loss by down-regulation, mutation, or gene deletion. In contrast, TILs targeting antigens derived from indispensable genes may mediate long-term complete regressions more effectively (4) (5) (6) . Many melanoma TILs have been discovered to recognize mutated gene products, consistent with the observation that tumor-reactive T cells can be isolated from melanoma. Nevertheless, most of the antigens recognized by adoptively transferred TILs that mediated long-term complete regressions remain elusive (7) . To further test the hypothesis that mutated antigens frequently represent the targets of clinically effective TILs, we have begun to evaluate the use of whole-exome sequencing of tumor cell DNA to identify mutated antigens recognized by TILs.
In a recent murine tumor model system, mutated gene products were identified from a sarcoma cell line d42m1 by whole-exome sequencing, and were subjected to in silico analysis to identify candidate T cell epitopes that were predicted to bind to the MHC class I molecules H-2D b or H-2K b with high affinity. Among these epitopes, R913L spectrin-β2 mutated epitope was predicted to be presented on tumor recognized by a T cell clone. Mutated spectrin-β2 was later confirmed to be served as a tumor-rejection antigen of d42m1 (8) . In another study, candidate mutated epitopes identified by whole-exome sequencing of the B16F10 murine melanoma resulted in the identification of mutated peptides that could elicit protective and therapeutic T cell responses (9) .
In our recent study, mutated genes from melanoma cell lines were identified by wholeexome sequencing, followed by in silico analysis to identify candidate peptides predicted to have high affinity to the autologous HLA molecules. Panels of synthetic peptides were then evaluated for their ability to stimulate autologous TILs. Using this approach, seven mutated epitopes were identified as the targets of three therapeutic TIL products (10) . Two of the antigens that were identified using this approach, CSNK1A1 and PLEKHM2, were not identified in the initial cDNA library screening assay. However, this approach is limited by the accuracy of current HLA-binding prediction algorithms, which have not been thoroughly examined for infrequent HLA alleles. Furthermore, in some cases naturally processed epitopes may not correspond to those encoded in the genome due to the post-translational modifications (11, 12) .
Previous studies have demonstrated that epitopes expressed from minigenes can be efficiently processed and presented by MHC class I molecules (13, 14) . In addition, designs with tandem minigenes encoding multiple epitopes have been utilized for vaccine development (15) . To overcome some of the limitations imposed by previous screening methods, tandem minigene constructs encoding mutated gene products identified by wholeexome sequencing were generated and transfected into target cell lines expressing each of the individual HLA class I gene products expressed by the autologous tumor. A single new mutated antigen target was identified from each of the two therapeutic TIL products by screening autologous tandem minigene libraries. These results indicate that this method may provide a valuable tool to identify potent antigens that may serve as the targets for future personalized therapies.
Materials and Methods

Patient materials and cell lines
All patient materials were obtained in the course of a National Cancer Institute Institutional Review Board approved clinical trial. Patient 2359 and Patient 2591 were enrolled on clinical trials (Trial registration ID: NCT00096382 and ID: NCT00335127, respectively) that have been described in detail previously (16) . The patients underwent resections from which both a TIL line and a tumor cell line were established. TILs used for this study were generated by methods described previously (17) . Briefly, tumor fragments were excised and cultured in media containing IL-2. TIL cultures that expanded were screened for recognition of autologous or HLA-matched tumor, and reactive TILs were expanded using a rapid expansion protocol (REP) with IL-2, anti-CD3 antibody and irradiated feeder cells to large numbers for patient infusion (18) . A small portion of TILs underwent a second REP for the experiments shown in this report. For co-culture assays, T cells and tumor cells were cultured at 1:1 ratio in a 96-well plate with 200 μL medium (AIM-V medium supplemented with 5% human serum) for 16 hr. In antibody blocking experiments, melanoma cells were pre-incubated with HLA-A*02 (SB-02), HLA-B,C (B1.23.2) or HLA-A,B,C (W6/32) blocking antibodies (40 μg/mL) for 3 hr, followed by co-cultured with T cells. The concentration of IFN-γ in the supernatant was determined by ELISA (Thermo Scientific).
Whole-exome sequencing
The method has been described previously (10) . Genomic DNA purification, library construction, exome capture of approximately 20,000 coding genes and next-generation sequencing of tumor and normal samples were performed at Personal Genome Diagnostics (Baltimore, MD). In brief, genomic DNA from tumor and normal samples was fragmented and used for Illumina TruSeq library construction (Illumina). Exonic regions were captured in solution using the Agilent SureSelect 50 Mb kit (version 3) according to the manufacturer's instructions (Agilent). Paired-end sequencing, resulting in 100 bases from each end of each fragment, was performed using a HiSeq 2000 Genome Analyzer (Illumina). Sequence data were mapped to the reference human genome sequence, and sequence alterations were determined by comparison of over 50 million bases of tumor and normal DNA. Over 8 billion bases of sequence data were obtained for each sample, and a high fraction of the bases were from the captured coding regions. Over 43 million bases of target DNA were analyzed in the tumor and normal samples, and an average of 42-51 reads were obtained at each base in the normal and tumor DNA samples.
Bioinformatic analyses were carried out by Personal Genome Diagnostics and the Genome Technology Access Center, Genomics and Pathology Services of the Washington University School of Medicine. The tags were aligned to the human genome reference sequence (hg18) using the Eland algorithm of the CASAVA 1.6 software (Illumina). The chastity filter of the BaseCall software of Illumina was used to select sequence reads for subsequent analyses. The ELANDv2 algorithm of the CASAVA 1.6 software was then applied to identify point mutations and small insertions and deletions. Known polymorphisms recorded in dbSNP were removed from the analysis. Potential somatic mutations were filtered and visually inspected as described previously (19) .
The construction of tandem minigene library and cDNA library
Non-synonymous mutations from melanoma samples were identified from whole-exome sequencing data. Tandem minigene constructs that encode polypeptides containing 6 identified mutated amino acid residues flanked on their N-and C-termini, 12 amino acids on both sides, were synthesized (Integrated DNA Technologies, Coralville, Iowa), and then cloned into pcDNA3.1 expression vector using the In-Fusion Advantage PCR Cloning Kit (Clontech), according to the manufacture's instruction.
The cDNA libraries were generated from Mel 2359 and Mel 2591 mRNA using the SMARTer RACE cDNA Amplification Kit (Clontech), and the cDNA libraries were cloned into pCMV6 expression vector using the In-Fusion Advantage PCR Cloning Kit (Clontech), as described previously (6) .
PCR amplification and quantitative PCR
The following primer sets were used for PCR amplification: 5′-GCG GCG TTA AGA CTT CGT AGG GT-3′ and 5′-GCT CCT CAC CAT TAC TGC GTT GG-3′ for the amplification of Exon 1 in KIF2C ORF from genomic DNA and KIF2C cDNA. 5′-TGT CCA GAT GGA TGG GTG TGA AG-3′ and 5′-TCA AGG AGT GGG TGC TGC TAC CT-3′ for the amplification of Exon 14 in POLA2 ORF from genomic DNA. 5′-CAG TGG ATT TAT CTG AGC TTA AGG-3′ and 5′-TTA AGG GCC CAC ACA GCA GAG AA-3′ for the amplification of POLA2 cDNA. SLC24A5 WT TaqMan primer/probe set (Hs01385410_m1) was obtained from Applied Biosystems.
IFN-γ ELISPOT assay
The responses directed against tumor cell lines and peptide-pulsed target cells were quantified in an IFN-γ ELISPOT assay using 96-well PVDF-membrane filter plates (EMD Millipore, Billerica, MA) coated with 15 μg/ml of the monoclonal anti-IFN-γ antibody 1D1K (Mabtech, Inc., Cincinnati, OH). Bound cytokine was detected using 1 μg/ml of the biotinylated anti-IFN-γ antibody 7-B6-1 (Mabtech). HEK293 cells expressing HLA-A*0201, HLA-A*0205 or HLA-C*0701 were pulsed with peptides for 2 h at 37 °C. The following peptides were used: MART-1: AAGIGILTV, DUSP12: VSCAGQMLEV, SERPINE2: AVYFKGLWKS, SLC24A5: RRDGGIIIYF, mutated KIF2C: RLFPGLTIKI, mutated POLA2: TRSSGSHFVF. T cells were co-cultured overnight with target cells or medium containing 50 ng/ml PMA plus 1 μM ionomycin (PMA/I). The numbers of spots per 10 5 T cells were calculated.
Results
To evaluate the antigen reactivity of TIL with clinical activity, we focused on two metastatic melanoma patients who experienced durable complete responses to adoptive TIL therapy. Patient 2359 had a primary cutaneous melanoma at the right knee that metastasized to the thigh, iliac and inguinal lymph nodes. This individual experienced a complete regression of all metastatic lesions in response to autologous TIL transfer that is ongoing for over eight years following treatment. Patient 2591 had a primary back melanoma that metastasized to the abdominal wall, mesenteric lymph nodes, right colon, and supraclavicular lymph nodes. This individual experienced a complete regression of all metastatic lesions in response to autologous TIL transfer and remains disease free nine years after treatment. Fig. S1B ). These results suggested that TIL 2591 recognized autologous melanoma through multiple HLA-restriction elements.
TIL 2591 recognized previously described non-mutated self-antigens
The ability of TIL 2359 and 2591 to recognize shared antigens was initially evaluated by cotransfecting COS-7 cells with each of the autologous HLA class I alleles expressed by these patients with a panel of 30 non-mutated melanoma antigens that included members of the melanocyte differentiation family of genes, cancer germ-line genes, as well as a set of additional genes previously identified as targets of melanoma-reactive T cells. As shown in Supplementary Fig. S2A , TIL 2359 failed to recognize HLA-A*0205-transfected target cells that were co-transfected with any of the candidate antigens that were tested. In contrast, TIL 2591 recognized HLA-A*0101+ target cells that were transfected with tyrosinase ( Supplementary Fig. S2B ), as well as HLA-A*0201+ target cells transfected with MART-1, NA-17A and tyrosinase ( Supplementary Fig. S2C ).
TIL 2359 and TIL 2591 recognized new non-mutated self-antigens
In an attempt to identify the antigen or antigens recognized by TIL 2359, HEK293 cells that stably expressed the dominant restriction element HLA-A*0205 were transiently transfected individually with approximately 2,000 pools consisting of 50 cDNA clones generated from the autologous Mel 2359 cell line. These transfectants were screened for their ability to stimulate autologous TIL, as previously described (6) . Three positive pools were identified and confirmed, and all the positive clones isolated from the 1st pool corresponded to the truncated transcript of SERPINE2 [serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1), member 2]. The sequence of the SERPINE2 transcript (clone 12E1) appeared to represent a partial cDNA transcript that lacked the first 434 b.p. of SERPINE2 transcript variant 2 (TV2) (Supplementary Fig. S3A ). TIL 2359 demonstrated similar recognition of COS-7 cells that were transiently transfected with either the truncated SERPINE2 transcript (clone 12E1) or full-length SERPINE2 TV1 or TV2 cDNA, together with HLA-A*0205 (Fig. 1A) . Therefore, TIL 2359 T cells recognized COS-7 cells transfected with each of the SERPINE2 transcripts in an HLA-A*0205-restricted manner. The positive clones isolated from the 2nd and 3rd pool corresponded to a transcript variant of DUSP12 (dual specificity phosphatase 12), which is identical to the sequence CR603104.1 in GenBank database ( Supplementary Fig. S3B ). Similarly, COS-7 cells were transfected with either WT or TV of DUSP12 cDNA, together with HLA-A*0205 cDNA. TIL 2359 T cells recognized both DUSP12 WT and DUSP12 TV gene product, in an HLA-A*0205-restricted manner (Fig. 1B) .
Using a similar approach, we attempted to determine whether or not TIL 2591 recognized any antigens in addition to MART-1, NA-17A and tyrosinase ( Supplementary Fig. S2 ). Pools of 50 cDNA clones generated from Mel 2591 were then transiently transfected into HEK293 cell lines that were stably transfected with either HLA-A*0101, A*0201, B*0801, B*3501, C*0401, C*0701. Following transient transfection of each of the six HLA class Itransfected cell lines with approximately 2000 cDNA library pools, a single pool was identified that stimulated the release of significant levels of IFN-γ from TIL 2591 when transfected into HEK293 cells that expressed HLA-C*0701. Positive clones isolated from this pool corresponded to a transcript of the SLC24A5 [solute carrier family 24 (sodium/ potassium/calcium exchanger), member 5] containing intronic sequences that were spliced from the majority of SLC24A5 transcripts (Supplementary Fig. S3C ). TIL 2591 cells recognized COS-7 cells that were co-transfected with HLA-C*0701 and either the full length SLC24A5 transcript or the partial cDNA isolated by expression cloning, but failed to recognize cells that were co-transfected with HLA-C*0702 or C*0401 (Fig. 1C) .
SLC24A5 contains the predicted sodium-calcium exchanger activity, and SLC24A5 knockdown disrupts the melanin pigment production in normal human melanocytes (20) . Additional experiments were carried out to further characterize this antigen. As shown in Fig. 1D , similar levels of expression of SLC24A5 were found in all melanoma lines that were tested, while melanocytes expressed SLC24A5 at approximately 1% of the levels observed in melanoma lines. While the majority of normal tissues expressed low levels of SLC24A5 expression, retina, skin and testis expressed levels of SLC24A5 that were similar to those observed in melanocytes (Supplementary Fig. S4 ). A T cell receptor was then isolated from an SLC24A5-reactive T cell clone derived from TIL 2591, and introduced into a recombinant retroviral construct. Activated T cells obtained from the peripheral blood of healthy donors transduced with SLC24A5 TCR recognized SLC24A5 association in a C*0701-restricted manner (Fig. 1E) . SLC24A5 TCR transduced T cells recognized all melanoma lines expressing HLA-C*0701, but not Mel 624 and 1300, which expressed HLA-C*0702 (Fig. 1F) .
TIL 2359 recognized a mutated antigen as assessed by minigene library screening
The reactivity of TIL 2359 was then further evaluated using a novel approach. In this approach, tandem minigene constructs were generated based on the non-synonymous mutations identified by exomic analysis of tumor and normal DNA. Each tandem minigene constructs encoded up to six individual minigene fragments that corresponded to the mutated codon flanked on either side by the 12 additional codons present in the normal gene product. One example is illustrated in Fig. 2A .
COS-7 cells were transiently transfected individually with twelve tandem minigenes encoding the 71 minigenes based on exomic DNA sequences containing non-synonymous point mutations identified from Mel 2359 (Supplementary Table S1 ). These COS-7 cells were also co-transfected with HLA-A*0205, the dominant HLA restriction element used for autologous tumor cell recognition by this TIL. Co-culture of these transfectants with TIL 2359 resulted in the recognition of one of the 12 tandem minigene constructs, RJ-1 (Fig.  2B) . RJ-1 encoded mutated fragments of the EPHB2, KIF2C, SLC44A5, ABCA4, DENND4B, and EPRS genes, as shown in Fig. 2A . Subsequently, six RJ-1 variant constructs were generated, each of which encoded the WT rather than the mutated residue present in one of the six minigenes (Fig. 2C) . TIL 2359 recognized COS-7 cells co-transfected with HLA-A*0205 plus five of the six individually transfected RJ-1 variants, but failed to recognize the variant encoding the WT KIF2C sequence, indicating that this minigene encoded a mutated epitope recognized by TIL 2359 (Fig. 2C) . To further test this observation, COS-7 cells were co-transfected with either WT or mutated full-length KIF2C cDNA transcripts that were amplified from Mel 2359, together with either HLA-A*0101, HLA-A*0201 or HLA-A*0205 cDNA. The co-culture experiment indicated that TIL 2359 T cells recognized COS-7 cells co-transfected with the mutated but not WT KIF2C gene product, in a HLA-A*0205-restricted manner (Fig. 2D) .
The mutated KIF2C coding region contained a single C to A transversion at nucleotide 46 that resulted in a substitution of threonine for alanine at position 16 in the native KIF2C protein (Supplementary Fig. S5A ). Exomic sequencing results indicated that DNA from Mel 2359 exclusively corresponded to the mutated but not the normal residue at position 46, results confirmed by direct Sanger sequencing of Mel 2359 DNA, indicating the loss of heterozygosity at this locus ( Supplementary Fig. S5B ). In an attempt to identify the mutated KIF2C epitope recognized by TIL 2359, peptides encompassing the KIF2C mutation that were predicted to bind with high affinity to HLA-A*0205 were synthesized (21) , and pulsed on HEK293 cells that stably expressed HLA-A*0205 (Supplementary Table S2 ). HEK293-A*0205 cells pulsed with a decamer corresponding to residues 10-19 stimulated the release of high levels of IFN-γ from TIL 2359 T cells, and the peptide was recognized at a minimum concentration of 0.1 nM. In contrast, the corresponding WT peptide did not induce significant IFN-γ release at a concentration as high as 10 μM (Fig. 2E) .
TIL 2591 recognized a mutated antigen identified by minigene library screening
We then attempted to identify mutated T-cell antigen recognized by TIL 2591 by synthesizing 37 tandem minigene constructs encoding the 217 minigenes based on exomic DNA sequences containing non-synonymous point mutations identified from Mel 2591 (Supplementary Table S3 ). As noted above, TIL 2591 appeared to recognize autologous tumor cells in the context of multiple HLA restriction elements ( Supplementary Fig. S1 ). Therefore, HEK293 cell lines stably expressing each of the six MHC class I HLA molecules isolated from Mel 2591 were transiently transfected individually with the 37 tandem minigene constructs, followed by an overnight co-culture with TIL 2591. Initial results indicated that TIL 2591 recognized HLA-C*0701 + HEK293 cells (HEK293-C*0701) cells that were transiently transfected with minigene DW-6, but failed to respond significantly to the other minigene constructs (Fig. 3A) . Each of the six individual mutated minigenes in the DW-6 tandem construct (Fig. 3B) were then individually reverted to the WT sequence (Fig.  3C) . Evaluation of responses to the WT variants indicated that TIL 2591 recognized COS-7 cells transfected with each of the DW-6 variants, with the exception of a construct encoding the WT POLA2 fragment (Fig. 3C) . To test these findings, COS-7 cells were transfected with either a WT or mutated full-length POLA2 cDNA construct, together with HLA-C*0401, HLA-C*0701 or HLA-C*0702 cDNA. TIL 2591 T cells only recognized target cells transfected with HLA-C*0701 plus the mutated POLA2 construct, but not the corresponding WT transcript (Fig. 3D) . The single C to T transition at nucleotide 1258 of the POLA2 coding region resulted in a substitution of leucine for phenylalanine at position 420 of the WT POLA2 protein (Supplementary Fig. S5C ). Sanger sequencing indicated that both genomic DNA and cDNA derived from Mel 2591 RNA contained both the WT and mutated nucleotide at position 1258, whereas genomic DNA isolated from PBMC of patient 2591 corresponded to the WT sequence, indicating that this represented a heterozygous somatic mutation in Mel 2591 cells (Supplementary Fig. S5D ).
An HLA-C*0701 binding algorithm was then used to identify candidate POLA2 peptides overlapping with the mutated leucine residue at position 420 (Supplementary Table S4 ). Coculture results indicated that HLA-C*0701 + HEK293 cells pulsed with a decamer corresponding to residues 413-422 of mutated POLA2 stimulated the release of IFN-γ from TIL 2591 T cells at a minimum concentration of 10 nM. In contrast, the corresponding WT peptide did not induce significant IFN-γ release at a concentration as high as 10 μM (Fig.  3E) .
We then estimated the proportion of T cells in TIL 2359 and 2591 recognizing the mutated KIF2C and POLA2, respectively, as well as a panel of commonly recognized non-mutated melanoma T cell epitopes using IFN-γ enzyme-linked immunosorbent spot (ELISPOT) assays. TIL 2359 generated approximately 2,000 spots per 100,000 T cells in response to HLA-A*0205 + cells pulsed with the mutated KIF2C epitope, similar to that observed in response to the autologous melanoma (Fig. 4A) . TIL 2591 generated greater than 7,000 spots in response to the HLA-A2 restricted MART-1 epitope, while only small fractions of T cells reacted against the HLA-C*0701-restricted mutated POLA2 epitope and non-mutated SLC24A5 (Fig. 4B) . The results are consistent with the TIL 2591 co-culture experiments, which showed a high level of IFN-γ secretion following stimulation by MART-1 and low levels of IFN-γ secretion following stimulation by SLC24A5 and mutated POLA2 (Fig. 1, 3 and Supplementary Fig. S2C ). We did not consistently detect tyrosinase or NA-17A reactive T cells using ELISPOT assays (data not shown).
In summary, our results provide evidence for the utility of multiple screening approaches for evaluating the antigen reactivity of polyclonal T cell populations. These methods include conventional cDNA library screening approaches as well as a novel method involving the transfection of minigene libraries encoding mutated candidate antigens generated based on tumor whole-exome sequencing data. This minigene approach provides an important tool that should facilitate the identification of T-cell antigens.
Discussion
The identification of novel antigens presented by tumors and recognized by T cells has been a bottleneck in the development of effective cancer immunotherapies. It has primarily been carried out using approaches that are based upon the transfection of COS-7 or HEK293 cells with cDNA library pools. In this study, a conventional cDNA library screening approach was used to identify the antigens recognized by therapeutic TIL 2359 and 2591. Screening of an autologous cDNA library prepared from Mel 2359 led to the identification of two nonmutated antigens, SERPINE2 and DUSP12, as HLA-A*0205-restricted targets of TIL 2359. On the other hand, TIL 2591 recognized several previously described epitopes, including HLA-A*0201-restricted epitopes of MART-1, tyrosinase and NA17-A, as well as an HLA-A*01 restricted epitope of tyrosinase. Similarly, screening of an autologous cDNA library prepared from Mel 2591 led to the identification of a previously undescribed antigen, SLC24A5, that was recognized in the context of HLA-C*0701 by TIL 2591.
Further attempts were then made to characterize the response of these TILs to mutated cancer antigens through the use of whole-exome sequencing. A new approach was developed based upon the transfection of HLA-matched targets with mutated minigene constructs. Using this approach, we identified two mutated T-cell antigens, KIF2C and POLA2, as targets of TIL 2359 and 2591, respectively. KIF2C, together with KIF2A and KIF2B, comprise the kinesin-13 family of microtubule motor proteins, which are defined by the localization of the conserved kinesin motor domain in the middle of the polypeptide (22) . Kinesin-13 proteins are non-motile and induce microtubule de-polymerization by disassembling tubulin subunits from the polymer end (23) . Each member of kinesin-13 family has distinct roles during mitosis (24) . KIF2C, also known as mitotic centromere-associated kinesin (MCAK), uses microtubule depolymerizing activity to correct improper microtubule attachments at kinetochores (25) . KIF2C promotes rapid restructuring of the microtubule cytoskeleton by making catastrophe, an event which microtubule plus ends abruptly switch from growth to de-polymerization, to become a random single-step process (26, 27) . POLA2, also known as p70 α2 subunit, is one of the 4 subunits of the highly conserved DNA polymerase α (28). This polymerase is unique among DNA polymerase family member, because of its primase activity to initiate de novo DNA synthesis. The primase synthesizes short RNA-DNA primers, ~40 nucleotides in length, for the leading strand synthesis or for the Okazaki fragment on the lagging strand (29) . The POLA2 subunit interacts directly with the p180 catalytic subunit, but does not possess any enzymatic activity. However, it does play an essential role at the early stage of chromosomal DNA replication. Studies in S. cerevisiae demonstrate that the POLA2 subunit is required for in vivo DNA synthesis and correct progression through S phase (30) . Taken together, both KIF2C and POLA2 play important roles during the cell proliferation. They are likely essential genes for carcinogenesis, and may explain the ability of these TILs that recognize the mutated epitopes to mediate the complete durable regressions of cancer in these patients.
Our previous efforts have been focused on identifying widely shared target antigens. However, targeting antigens that are expressed in normal tissues can induce severe autoimmune toxicity because of the gene expression in normal tissues (31) (32) (33) , which could be avoided by targeting patient-specific, tumor-specific mutated antigens. The minigene approach demonstrated in this study can facilitate the identification of mutated antigens, and allow more effective cancer immunotherapy by developing methods to specifically target the mutated antigens. Currently, TILs are grown from individual tumor fragments to allow the selection of cultures with anti-tumor reactivity for further expansion and subsequent administration to patients. Some TIL populations, such as the two TILs evaluated in this report, recognize mutated as well as non-mutated antigens, whereas additional TILs appear to predominantly or exclusively recognize mutated antigens (10) . Use of the minigene screening approach will facilitate the identification of individual mutation-reactive T cell cultures. This approach may be further enhanced by the development of techniques such as sorting with specific MHC tetramers to increase the frequency of mutation-reactive T cells from bulk TILs that may contain significant numbers of non-tumor reactive cells (34) . Alternatively, TCRs isolated from cells reactive with mutated epitopes can be isolated and introduced into autologous peripheral blood T cells for the subsequent adoptive T-cell transfer (35, 36) .
In conclusion, this study suggests that the identification of antigens using an approach based upon the screening of minigenes that encode mutated candidate antigens complements the use of conventional cDNA library screening methods to evaluate the antigen repertoire of tumor reactive T cells. Targeting mutated antigens, in particular those derived from gene products that are involved with carcinogenesis, can potentially enhance the effectiveness of cancer immunotherapy using adoptive transfer of TILs.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Translational Relevance
To develop next-generation adoptive cell therapies using purified TILs with defined specificity, the identification of T-cell antigens recognized by TILs is one of the major bottlenecks. Previous studies for antigen identification have primarily involved screening cDNA libraries, which is time-consuming and low-throughput. The minigene approach demonstrated in this study can significantly facilitate the identification of T-cell antigens, and it will pave the way for new adoptive cell therapies targeting tumor-specific, mutated antigens. 
